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Under  certain  conditions  organisms  grown  in  media  containing  bacteriostatic 
concentrations of a  suffonamide gradually overcome the inhibiting effect of the drug 
and grow luxuriantly.  Various aspects of this development of resistance or fastness 
have been clarified by experimental studies.  A late outgrowth of organisms in drug- 
containing  media  has  been  demonstrated  with  pneumococci  (1-3),  gonococci  (4), 
streptococci  (5),  Brucella  (6),  colon  bacilli  (7),  and  staphylococci  (8).  In  vivo, 
sulfonamide-resistant  pneumococci  have  been  developed  by serial passage  through 
mice treated with less than  curative doses of sulfapyridine  (1), and  have also been 
demonstrated in a patient with a Type 7 pneumococcal endocarditis  (9).  Although 
it  may  be  lost  when  only  partially  developed  (10),  well  established  resistance  is 
apparently  retained  indefinitely  (1).  Organisms  made insensitive  in vitro  are also 
resistant in vivo, and vice versa (1). 
The nature  of the  development of sulfonamide  resistance  is not  known.  Green 
(11)  attributed  the late  outgrowth  of Brucella  to the presence in  the medium of a 
growth-stimulating  substance  termed  "P" factor,  and  it  has been  shown  by Mac- 
Leod  (12)  that  there is more sulfonamide inhibitor  in the culture  supernatant  of a 
resistant  Type  1 pneumococcus  than  in  similar  material  from a  sensitive  Type  1 
strain.  This  same worker has  shown  that  sensitive  organisms  dehydrogenate  lac- 
tate,  glycerol, and pyruvate, whereas insensitive  organisms  do not,  indicating  that 
there  may be differences in the intermediary  metabolism of sensitive and  resistant 
strains  (13).  However,  since resistance  develops progressively, and  is retained  by 
many succeeding  generations  of organisms,  other investigators have suggested  that 
resistant  strains  are  the  product  of  selective propagation  of  sulfonamide-resistant 
variants  (14,  1).  These  and  other  possibilities  are  being  investigated  in  various 
laboratories, but there is as yet no conclusive evidence in support of any one theory. 
A  fundamental  aspect of the problem of sulfonamide  resistance  is the degree of 
resistance a given organism will develop against various sulfonamides.  If an organism 
is capable of becoming insensitive to all the sulfonamides, it can be postulated that the 
development of resistance is related  to  the presence  of the p-amino nucleus  which 
is common to all the drugs.  If, on the other hand, fastness is developed to some of 
the drugs and not to others, it is then probable that some structural unit other than 
the p-amino nucleus is responsible.  Unfortunately  the data  thus far reported con- 
ceruing  this  basic  problem  are  conflicting.  One  group  has  shown  that,  in  vivo, 
sulfapyridine-resistant  pneumococci  were  equally  insensitive  to  sulfathiazole  and 
sulfamethylthiazole  (15).  The in vitro studies  of Strauss,  Dingle,  and  Finland  (7), 
however, indicated  that  sulfapyridine-resistant  colon bacilli were also insensitive  to 
sulfanilamide and sulfaguanidine, but not to sulfathiazole and sulfadiazine.  Staphy- 
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lococci were found to be resistant to all five drugs after being transferred nine times 
in sulfapyridine and sulfathiazole (8).  With the gonococcus, the failure of one group 
to demonstrate insensitiveness to sulfathiazole (16)  has given rise to the clinically 
important editorial suggestion that "the failure of the gonococcus to develop resis- 
tance  to  sulfathiazole suggests that  sulfathiazole-fast strains  are not  likely to  be 
developed in the clinic or to be spread to the general population"  (17).  Other in- 
vestigators  (18),  who  have  demonstrated  sulfathiazole-resistant gonococci,  have 
naturally  challenged  this  statement  (19). 
These discrepancies are probably more apparent than real, and are due to tech- 
nical differences in  the  methods  of performing the  experiments.  Among  the  im- 
portant variables are the nature of the medium, the size of the inoculum, the con- 
centration of sulfonamide, and the method of measuring the results.  For example, 
a  given inoculum of an organism may apparently be resistant to 100 ~g. per cc. of 
sulfanilamide and not to a similar concentration of sulfathiazole simply because the 
latter drug is so many times more potent than the former that the method of measur- 
ing the results is not sutficiently sensitive to record the small degree of resistance 
that is actually present. 
The purpose of the present paper is to describe a  method for studying the 
quantitative aspects of the resistance of an organism to various sulfonamides, 
and to present the data obtained when this method was applied under rigidly 
controlled conditions.  It was hoped that through such a  study the discrepan- 
cies of the earlier work might be clarified, and that a  clearer knowledge of the 
fundamental  nature  of  the  development  of  sulfonamide  resistance  might  be 
obtained. 
Method  and  Materials 
Culture Medium.--A  synthetic medium, which was employed for all experiments, 
was prepared in the following manner :-- 
(NH,)2SO, ...................................................  5 gm. 
NaC1 ........................................................  5 gm. 
Glucose .....................................................  2 gm. 
KH2PO4 .....................................................  3 gin. 
Casamino acids Difco .........................................  2 gin. 
Distilled water to 1000 cc. 
The pH was adjusted to 7.6 with 1 N NaOH, and the solution was distributed in 8 cc. 
amounts into 22 by 175 mm.  test tubes and autoclaved at a pressure of 15 pounds 
for  15  minutes.  After incubation overnight  to  test for  sterility the  medium  was 
stored  in  the  ice  box. 
Organism.--A  strain of E. coli, isolated from the blood stream of a  patient with 
pyelonephritis and  bacteremia,  was  selected for  the  experiments,  and  was  trans- 
ferred daily in the basal medium.  This organism showed typical cultural reactions 
as  defined  by  Bergey  (20). 
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and  sulfadiazine, were dissolved in distilled water in the following concentrations: 
100,  50,  10,  5,  and 2.5  rag. per  100  cc.  The solutions were heated in the Arnold 
steamer for 20 minutes, and were stored in the ice box. 
Determination of Bacterial Growth.--Since the  number  of  organisms  in  a  clear 
medium is proportional to the opacity of the suspension, bacterial growth can be 
measured by turbidity (21).  In these experiments measurements of turbidity were 
made with a  Coleman universal spectrophotometer; the readings on the logarithmic 
scale were converted to and expressed in terms of optical density (turbidity).  To 
avoid confusion in comparing the growth curves thus obtained with those produced 
by plate counts, it should be emphasized that  turbidimetric methods measure the 
total number of organisms, both living and dead, while plate counts measure only 
the number  of viable organisms.  A  tube of uninoculated basal medium was used 
for the blank in the colorimeter. 
Inoculum.--The  inoculum was  designed to produce  a  range  of turbidity which 
could be accurately measured with the spectrophotometer.  Since the measurements 
were quantitative, every effort was made to inoculate a constant number of organisms 
for each experiment.  A 24 hour growth of the organism to be tested was diluted to 
an optical density of 0.1 in sterile saline.  1 cc. of this suspension was then diluted 1 : 10 
in sterile saline, and  1 cc.  of the final dilution was used for the inoculum.  Plate 
counts  showed  that  the final concentration of the inoculum, after addition to  the 
basal medium, was approximately 1 million viable organisms per cc. 
Preparation of Test Solutions.--12 hours before each test 1 cc. of each sulfonamide 
solution was added to 8 cc. of basal medium.  The tubes were put in the incubator 
so that the media would all be at 37°C. when the organisms were added.  This was 
an important step in producing constant results, for the amount of growth varied 
widely when  the organisms were added to media of different temperatures.  1 cc. 
of the inoculum was added to each tube, making a total of 10 cc.  To substitute for 
the sulfonamide, 1 cc. of sterile saline was added to the control tube. 
Determination  of Growth Curve during Development of Resistance  to  Constant 
Concentrations of Sulfonamides 
Employing the technique and precautions described, the organism was transferred 
daily in basal medium plus the following constant amounts of sulfonamides; sulfanila- 
mide 100 #g./cc., snlfapyridine 10/zg./cc., sulfathiazole 2.5 #g./cc., and sulfadiazine 
2.5/zg./cc.  These drug concentrations were selected because they all had approxi- 
mately  the  same  bacteriostatic potency.  Daily readings of  the  turbidity of  the 
suspensions were  made  every 2  hours  for  8  hours,  and  a  final measurement  was 
recorded  at  24  hours. 
The results are shown graphically in Fig. 1.  Following the initial lag period, 
there was marked inhibition of growth the 1st day in all the tubes containing 
sulfonamides.  The  greatest  difference  in  growth  between  the  control  and 
drug-inhibited organisms occurred from the 4th to the 6th hour after inocula- 
tion.  There was  a  gradual daily development of resistance,  the progress  of 32  SUL]~ONA~IDE RESISTANCE 
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which is indicated at intervals of 3 or 4 days on the charts.  The organisms 
became maximally resistant at about the 10th to the 12th  day.  Thereafter, 
transferring  them  for 20  more  days  did  not  produce  any  greater  degree 
of resistance.  Further, no loss of resistance was observed after transferring 
the insensitive organisms daily for 2 months in basal medium containing no 
sulfonamide. 
Two points deserve special comment.  One is that when maximally resist- 
ant,  the  organisms  were  in  no  instance  totally resistant; i.e.,  they  did not 
grow  as  well  as  the  control.  However,  if readings were made only at  the 
end of 24 hours, this would not be apparent.  The explanation for this is that 
with the heavy inoculum employed there was medium sufficient for only a cer- 
tain amount of growth, and at the end of 24 hours both the control and resist- 
ant organisms had grown out to this extent.  However, the 4 and  6 hour read- 
ings clearly show considerable inhibition of the resistant organisms.  Thus, the 
time at which  the results are read is of primary  importance, and erroneous 
conclusions may be drawn if this factor is not carefully considered.  The other 
point of interest is that the organisms became resistant to all the sulfonamides. 
The  significance  of  this  observation will  be  discussed  later. 
Determination  of  Quantitative  Relationships  between Organisms Resistant  to 
Different Sulfonamides 
This experiment was performed in conjunction with Experiment 1.  At the end 
of 7 days, and again at the end of 14 days, the organisms which were transferred in 
sulfonamide  solutions,  and a control organism,  were set up against various concen- 
trations of all four sulfonamide solutions in the following manner; using the standard 
inoculum, each organism  was put into tubes containing 100, 50,  10, 5, and 2.5 ~g. 
per co. of sulfadiazine,  sulfathiazole,  sulfapyridine, and sulfanilamide,  respectively. 
The turbidity of the tubes was measured at 8 hours, and again at 24 hours. 
Except that there was a greater degree of resistance at the end of 2 weeks,  the 
results at the end of 7 and at the end of 14 days were essentially the same; therefore 
only the results at the end of 2 weeks are presented, and they are shown in Fig. 2. 
For the sake of clarity, the fundamental points demonstrated by this experi- 
ment are best enumerated as follows :- 
First,  the  test  organism became resistant  to all four sulfonamides,  sulfa- 
diazine, sulfathiazole, sulfapyridine, and sulfanilamide. 
Second, there was a  close correlation between the degree of resistance de- 
veloped and the bacteriostatic potency of each drug.  For example, the degree 
of resistance to 100 #g./cc. of sulfanilamide was the same as that developed in 
response to 2.5 #g./cc. of sulfadiazine, and the figures for the control indicate 
that these concentrations of sulfanilamide and sulfadiazine were equally effec- 
tive in  inhibiting  the  control organisms.  In other words,  the degree of re- 34  SULFONAMIDE  RESISTANCE 
sistance  developed  was directly  correlated  with  the  bacteriostatic  potency of 
the  drug. 
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FIG.  2.  Quantitative  relationships  between  organisms  resistant  to  different  sul- 
fonamides.  Resistant  organisms were grown in basal medium plus  100,  50,  15,  5, 
and  2.5  /zg./cc.  of  sulfathiazole,  sulfadiazine,  sulfapyridine,  and  sulfanilamide. 
The amount of growth (turbidity) at the end of 24 hours is shown above.  See text 
for interpretation of the data. 
Third,  organisms  resistant  to  certain  bacteriostatic  concentrations  of  one 
sulfonamide  were  equally  resistant  to  similar  concentrations  of  the  other 
sulfonamides.  For example,  the  organisms  made  resistant  to  100 #g./cc.  of 
sulfanilamide were equally as resistant  to 50 #g./cc.  of sulfadiazine as was the WILLIAM  M.  M.  KIRBY  AND  LOWELL  A.  RANTZ  35 
organism made resistant to 2.5/~g./cc. of sulfadiazine.  In other words, there 
was no specific reaction between the organism and any one sulfonamide.  The 
same degree of resistance was developed for the heterologous as for the homolo- 
gous sulfonamide.  The similarity in the form of all the graphs in the figure is 
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FIG. 3.  The effect of different sulfonamide concentrations upon the degree of re- 
sistance developed.  Organisms transferred daily for 10 days in a basal medium con- 
taining 2.5,  50 and  10 #g./cc.  of sulfanilamide were grown in various sulfonamide 
solutions, and  the results at the end of 24 hours were as shown above.  With 2.5 
#g. of sulfanilamide growth was practically the same as for the control while  there 
was an increasing amount of resistance developed with 50 and 100 ~g. respectively. 
a  further  elucidation  of  this  point.  The  relative degree  of inhibition  of all 
the resistant organisms by the various sulfonamides was exactly the same in 
every instance as it was for the control. 
Fourth,  organisms  made  markedly  resistant  to  small  concentrations  of 
sulfonamides were only slightly insensitive to high sulfonamide concentrations. 
To illustrate,  very slight resistance to  100/~g./cc.  of sulfadiazine was shown 
by the organism which was markedly resistant  to 2.5/zg./cc.  of sulfadiazine. 
Further, the organisms which were transferred daily in 100 #g./cc, of sulfanil- 36  SULFONAM'rDE  RESISTANCE 
amide were markedly resistant to 2.5 #g./cc. of sulfathiazole and sulfadiazine, 
but only slightly to 100 #g./cc. of sulfathiazole and sulfadiazine.  The effects 
of various concentrations of sulfonamides on the degree of resistance developed 
will be further clarified in the next section.  However, it should be empha- 
sized at this point that the concentrations of sulfonamides used in resistance 
experiments are of great importance, and that some of the errors in the pre- 
vious work in this field have resulted from employing concentrations of sulfon- 
amides  so  great  that  resistance  which  was  actually present  could  not  be 
demonstrated. 
The  Effect  of  Various  Concentrations  of Sulfonamides  on  the  Degree of 
Resistance Developed 
The control organism was transferred daily in tubes containing  basal medium plus 
100, 50, and 2.5 #g./cc. of sulfanilamide.  At the end of a week the organisms were 
set up against various concentrations  of  sulfonamides in the manner described for 
Experiment 2. 
The experimental data are presented in Fig. 3.  The degree of resistance 
developed varied with the concentration of sulfanilamide in which the organ- 
isms were transferred.  The organisms transferred in 100 #g./cc. were markedly 
resistant, those transferred in 50 ~g./cc. were moderately resistant, and those 
transferred in 2.5 #g./cc. were only slightly resistant.  The slight degree of 
resistance  developed  with  2.5  ~g./cc.  suggests  that  unless  there  is  actual 
inhibition of growth of the  organisms, the mere presence  of the  drug in the 
medium will not cause resistance to develop. 
To  test  further  the  effect of  the  concentration of  the  sulfonamide upon 
the  development  of resistance,  organisms made  maximally resistant  to  2.5 
#g./cc. of sulfathiazole by daily transfers for 14 days were then transferred in a 
medium containing 100 ~g./cc. for 14 days.  As a control, the organisms were 
also transferred daily in 2.5 ~g./cc. of sulfathiazole to see if further resistance 
developed.  After 14 days the organisms partially resistant in 2.5/zg./cc. of 
sulfathiazole had become considerably more resistant to higher concentrations 
of all the sulfonamides as a  result of transferring them in media containing 
I00 #g./cc. of sulfathiazole, while the control was unchanged.  In other words 
the partially resistant organisms became more resistant when exposed to an 
environment containing a higher sulfonamide concentration. 
DISCUSSION 
Certain  fundamental points  concerning  the  development  of  sulfonamide 
resistance have been clarified by the quantitative experiments herein described. 
Resistance,  a  gradually developing process,  has  been  demonstrated  for  all 
four drugs tested, sulfanilamide, su]fapyridine, sulfathiazole, and sulfadiazine, 
regardless of their different chemical  structures.  It has been shown that the WILLIAM  M.  M.  KIP~Y  AND  LOWELL  A.  RANTZ  37 
degree  of resistance  developed  is directly  correlated  with the bacteriostatic 
potency of the sulfonamide,  and further, that organisms  made resistant to 
certain bacteriostatic concentrations of one  sulfonamide are equally resistant 
to  similar  bacteriostatic  concentrations  of  the  other  sulfonamides.  These 
observations  strongly suggest that the development of sulfonamide resistance 
represents an interaction between the organisms and the one common structural 
unit of all the sulfonamides, namely the p-amino nucleus.  1 
The nature of this interaction is not clear.  The two most widely held views 
concerning  the nature of the development of sulfonamide  resistance  are  (a) 
that resistant strains are the product of selective propagation of sulfonamide- 
resistant variants (1,  14), and (b)  that  the  interaction of the drug with the 
organisms  results  in some alteration in the intermediate  metabolism of the 
organisms, enabling them to counteract the inhibitory effect of the sulfonamides 
(13).  The demonstration of the quantitative nature of the interaction of the 
organisms with the p-amino nucleus in the present paper strongly supports the 
latter view.  In this connection, Wood (22) has very recently reported care- 
fully controlled experiments  concerning the quantitative aspects of the inhibi- 
tion of sulfonamides by para-aminobenzoic  acid, in which it was shown that 
para-aminobenzoic  acid nullified the bacteriostatic effect of all six sulfonamides 
tested, that the bacteriostatic potency of each drug was directly proportional 
to its ability to counteract the antibacteriostatic action of para-aminobenzoic 
acid,  and  that for different concentrations the  minimum amount of para- 
aminobenzoic acid required  to prevent bacteriostasis  was such that the ratio 
of para-aminobenzoic  acid  to drug was constant.  These observations  sug- 
gested that the bacteriostatic action of the sulfonamides works mainly through 
the p-amino nucleus, which is part of the structure of para-aminobenzoic  acid 
and all of the sulfonamides,  and it was felt that these data supported  the 
hypothesis, originally advanced by Woods  (23), that the antagonism of the 
sulfonamides  by para-aminobenzoic  acid represented the competitive inhibi- 
tion of an essential enzyme reaction by a substance chemically related to the 
substrate.  It is of considerable  interest that the observations  of Wood con- 
cerning  the inhibition of the sulfonamides  by para-aminobenzoic  acid are so 
similar to those recorded in the present paper concerning the development of 
sulfonamide  resistance,  and it is possible  that the same enzyme system (or 
systems) may be responsible for both phenomena. 
One group has advanced the opinion that in the development of sulfonamide 
resistance  "the actual concentration of drug employed  is probably of little 
importance, since organisms can be made resistant to a high concentration of 
1  For the sake of simplicity the benzene nucleus of the sulfonamides  with the free 
amino group in the para position is referred to as the "para-amino nucleus" through- 
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drug by transferring repeatedly in the presence of a small concentration of drug 
as well as by increasing  the amount of drug in successive transplants"  (7). 
The present studies indicate, however, that when quantitative measurements 
are made, the degree of resistance developed is greatly influenced by the con- 
centration of drug employed.  Although certain limiting factors, such as the 
relation of the number of organisms to the total amount of medium, prevent 
the conclusion that a direct proportion exists, it is certainly evident that, for 
the concentrations employed, increasing amounts of drug caused the production 
of increasing amounts of resistance.  Conversely, it is of interest that unless 
the  drug  is  present  in  sufficient concentration to inhibit  the  growth  of the 
organisms, very little resistance is developed. 
A  natural corollary of the evidence indicating that the p-amino nucleus is 
somehow concerned in the development of sulfonamide resistance is the opinion 
that all organisms susceptible to the bacteriostatic action of the sulfonamides 
are capable of becoming resistant to all of the sulfonamide drugs.  It is felt 
that the previous reports (7, 16) that organisms are capable of becoming resist- 
ant to some su]fonamides and not to others are the result of inadequate tech- 
nical methods.  An attempt has been made in the present paper to control, 
and to point out, many of the variables which are possible sources of such errors. 
Of considerable clinical .Importance is the recently widely circulated statement 
that gonococci are capable of becoming resistant to sulfanilamide but not to 
sulfathiazole.  This opinion has been challenged by a group who have demon- 
strated sulfathiazole-resistant gonococci.  Further, it is reasonable to assume 
that, in cases of subacute bacterial endocarditis, changing from one sulfonamide 
to another will be of no benefit to the patient once the organisms have become 
resistant.  There is  considerable clinical experience in favor of this point of 
view.  The r61e that sulfonamide-resistant organisms may eventually play in 
human infections is uncertain, but with the evidence at hand  it would seem 
reasonable to assume for the present that organisms susceptible to the action 
of the sulfonamides are capable under proper conditions of becoming resistant 
to all of the sulfonamide drugs. 
SUMMARY  AND  CONCLUSIONS 
1.  In vitro experiments were performed with E. coli, using a method designed 
for the quantitative study of vari6us aspects of sulfonamide resistance. 
2.  Resistance  was  found  to  be  a  gradually  developing process,  and  was 
demonstrated  for  all  four  drugs  tested,  sulfanilamide,  sulfapyridine,  sulfa- 
thiazole, and sulfadiazine. 
3.  It was shown that the degree of resistance developed was correlated with 
the bacteriostatic potency of the sulfonamides, and  that organisms resistant 
to  certain  bacteriostatic  concentrations  of  one  sulfonamide  were  equally 
resistant  to  similar  bacteriostatic  concentrations of the  other sulfonamides. WILLIAM  M.  M.  KIRBY  AND  LOWELL  A.  RANTZ  39 
4.  These observations were interpreted as indicating that the development 
of sulfonamide resistance represents an interaction between the organisms and 
the one common structural unit of all the sulfonamides, namely, the p-amino 
nucleus.  It is also suggested that this interaction may involve the same en- 
zyme system (or systems) as those concerned in the antagonism of the sulfon- 
amides by para-aminobenzoic acid. 
5.  The  relation  of  these  findings  to  the  broader  aspects  of  sulfonamide 
resistance is discussed, and it is postulated that, despite reports  to the con- 
trary, all organisms susceptible to the bacteriostatic action of the sulfonamides 
are capable of becoming resistant to all of the sulfonamides. 
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